Introduction
Throughout the 20th century, deer populations significantly increased their distribution in both North America and Europe (Gill 1990) , probably due to the recovery of habitats and management of the species (Gill et al. 1996 , Cederlund et al. 1998 . During the final decades of the 20th century, European roe deer (Capreolus capreolus) experienced an expansion in most of its range (Danilkin & Hewison 1996) . In Spain, its population has benefited from a decline in ranching, abandonment of agriculture in foothill areas, and a significant increase in forest areas (Acevedo et al. 2005) . Furthermore, roe deer hunting management has been improved considerably in recent decades, with shorter hunting seasons, limited quotas, supplementary feeding, improved habitat quality and increased reintroductions (Meriggi et al. 2008) .
Social interest in the management of this species, both in Spain and the rest of Europe, has increased substantially (Staines & Ratcliffe 1987 , Cederlund et al. 1998 , Radeloff et al. 1999 . On one hand, increasing distribution areas and densities have substantially benefited hunting, also increasing nature tourism in many places. Furthermore, species like the wolf (Canis lupus) have benefited from the increased abundance of roe deer, which is the basis of its diet in many areas of northern Spain which in turn minimizes conflicts with cattle (Mattioli et al. 2004 , Gazzola et al. 2005 , Barja 2009 ). However, an increase in the abundance of roe deer has also caused an increase in damage to forests and agriculture (Boh et al. 1998 , Acevedo et al. 2005 . For these reasons, studies on the effectiveness of distance sampling of cervids have gained importance as a critical tool in making management decisions in situations of animal excess or shortage.
A number of factors are important in the distance sampling of wildlife, including environmental changes (weather, habitat and season), species behaviour (flight distance and mimicry) and observation skills (Verner 1985 , Bibby & Buckland 1987 , Verner & Milne 1989 , Diefenbach et al. 2003 , Norvell et al. 2003 . Therefore, to estimate density objectively, it is necessary to adopt distance sampling methods capable of quantifying the probability of detecting the species under study, taking into account the abovementioned factors (White 2005) .
Sampling based on detection distance (Thomas et al. 2002 , Buckland et al. 2004 is widely used because of its ease of use and the availability of free software for estimating population densities through models based on detection probability. These methods are based on the distance at which animals are detected on both sides of a line along which the observer moves. Thus, the three basic premises on which these techniques are based are the following : (1) animals located in the line of progression are identified with probability 1, (2) animals are detected in their initial location, prior to any movement in response to the observer, and (3) distances from the line of progression to animals are measured accurately. The first and last of these assumptions are dependent on the distance-sampling design, equipment and the rigour of the viewer and, therefore, can be controlled by the observer. However, the second assumption depends on the response of the animal to the observer. The observer's ability to avoid detection could also affect the second assumption, so having skilled people is important.
Sampling based on detection distance has proven to be a reliable technique for density estimates, although it is necessary to take other factors into account, such as animal activity rhythms and habitat type . Since these techniques offer suitable solutions for population surveys, they are often chosen by researchers to study such a large and varied group of animals like ungulates (Focardi et al. 2002 , Liu et al. 2008 , Wegge & Storaas 2009 , Schmidt et al. 2012 .
The following factors affect the ability to detect individuals: limitations of the observer (fatigue, vision, ability to move quietly), habitat variables (vegetation cover, relief), the observer's moving speed, weather conditions (wind, rain), the type of soil on which he/she walks (stony, with dry leaves), and variables related to the species (sex, size, behaviour) (Burnham & Anderson 1984 . The observer's experience significantly increases detection rates of animals. Therefore, visual and auditory skills are often necessary to distinguish species. Furthermore, training level and experience will determine the degree of these skills (Gregori et al. 2002) . Vegetation structure also affects the detection of animals. Thus, Gill et al. (1997) indicated that the lack of vegetation and greater visibility provided more accurate density estimates of a species. Factors related to animals, including size, colour or mobility, can also lead to increased detection. Furthermore, sex differences (size of the animal, differences in behaviour, mobility, flight distance, habitat segregation and group size) may affect detectability (Focardi et al. 2002) .
Reliable distance-sampling techniques to estimate wild mammal densities, particularly game species such as ungulates, are very useful to managers and conservationists because they provide key data for conservation programme decisions. Therefore, the aim of this study was to compare the effectiveness of two distance sampling techniques in monitoring roe deer: surveys on foot in the evening and nocturnal surveys by car with spotlights. Differences between both techniques are likely based on changes in roe deer behaviour in response to the observer. Our aims are to verify compliance with the second premise of these distance sampling techniques (animals are detected at their initial location prior to any movement in response to the observer), and to analyse the influence of both distance sampling techniques on density estimation. We predict that nocturnal surveys by car compared with surveys on foot provide advantages in terms of costs and in avoiding detection of the observer. However, since car noise could affect roe deer behaviour, we expect a decrease in the number of individuals observed in or near the line of progression.
Material and methods

Study area and species studied
The roe deer population in Sierra de Guadarrama, in the centre of the Iberian Peninsula, was sampled in October 2007 in 10 Scots pine (Pinus sylvestris) reforestations, which ranged in size from 292.6 to 2513.8 ha (mean ± SD = 1410.0 ± 692.3 ha) (Fig. 1) . These pine forests represent the main vegetation type of the Guadarrama oromediterranean floor (Rivas-Martínez 1987) . Pine forests were located in public use areas of the Community of Madrid, five of which are within the territory of the National Park of Sierra de Guadarrama (declared on 25 June 2013) (Fig. 1 ). However, it should be noted that this study was conducted for one year only and there was limited site replication.
The mountainous landscape of the study area consists of forests, shrublands and grasslands. Pine forests are located between 1200 and 1900 m a.s.l. with understory species such as mountain broom (Cytisus oromediterraneus), common juniper (Juniperus communis) or Guadarrama broom (Adenocarpus hispanicus), enriched with holly (Ilex aquifolium) and isolated oaks (Quercus pyrenaica) (Rivas-Martínez 1987) .
The abundance of roe deer in the study area is directly related to forest size (Sáez-Royuela & Tellería 1991). Namely, similar densities of roe deer were detected in oak and pine forests, decreasing significantly in shrublands or valley bottoms (Horcajada 2007) . Seasonal variation in the gregarious structure of roe deer is consistent with trends observed in other populations (Delibes 1996) , showing maximum isolation in spring and summer and regrouping during the autumn and winter.
Distance sampling on foot and by car
To estimate the roe deer density in the study area, on tracks and forest roads we established transects to be surveyed on foot and by car ( Fig. 1 ) in the evening and at night. Data collection was in line with the nocturnal and crepuscular activity (Ellenberg 1978 , Chapman et al. 1993 ) and a circadian activity pattern polyphase of the roe deer (Delibes 1996 , Mateos-Quesada 2002 . Transects were separated by 250 to 500 m. A track width did not exceed 4 m and there was tree cover on both sides of the transects.
The transects were surveyed by car during 6 nights (16 transects, 179 km in total). A transect length varied from 2.8 to 39.3 km (mean ± SD = 11.2 ± 8.8 km). Transects covered the entire study area, including all tracks and roads accessible by car. Distance sampling was conducted once per transect, between the hours of 21:00 and 05:00. Data were not collected during nights with rain or fog. The census team consisted of a driver and two observers placed in the back seat of the car. The driver was also an observer. The sport utility vehicle (SUV) was driven at 10-15 km h -1 . Observers watched through open windows to both sides of the road, each using a spotlight (Interface, brightness: 1 000 000 candlepower, power: 100 W). In most cases, the animals observed were identified by all three observers.
The same transects were surveyed on foot during 21 days. Since some transects surveyed by car were too long to cover by walking during one evening, they were divided into several sections, with resulted in a total of 64 transects. A transect length in this case varied from 2.1 to 3.6 km (mean ± SD = 2.7 ± 0.4 km) and surveys were carried out once along tracks and forest roads during sunset, between the hours of 19:30 and 21:00. Wind direction was taken into account during the surveys on foot and surveys were not carried out when observers could be detected by animals. A single observer walked quietly at a speed of approximately 2 km h -1 . A total of 6 observers, all experienced in this type of studies, participated in the survey on foot, including the three people who surveyed the transects by car.
Observers were equipped with binoculars with rangefinders (Leica Geovid 8 ¥ 42) to facilitate identification of animals and to measure distance to the detected animals. For each detection event, we recorded the number of roe deer in the group, their behaviour during the observation (moving or motionless) and the direction of escape. During nocturnal surveys by car, when a roe deer was located, the driver stopped the car and recorded the perpendicular distance to the animal(s). When an animal was detected on foot, we recorded its initial location before recording the perpendicular distance. In addition, contact coordinates were recorded with the GPS (Thales Mobile Mapper).
Data analysis
According to Buckland et al. (2001) , very little efficiency is lost by grouping sighting data. Thus, to achieve a better fitting of the function model, sightings were grouped into perpendicular distance intervals.
For density estimates, only those contacts between 0 and 150 m (n = 125) were included. Sightings at > 150 m were excluded from the analysis due to the difficulty in accurately estimating the distance. Buckland et al. (2001) recommend the truncation of data to eliminate outliers and improve model fitting. Furthermore, if detection of animals in or near the transect line is consistently reduced (< 1), but there is perfect parallel detection (Quang & Lanctot 1991) , then by left-truncating the data the maximum detection can be estimated (Pollock & Kendall 1987) .
The estimated density was achieved after detection functions had been modelled based on the perpendicular distances. The detection function, g (y) , is the probability of detecting an animal at a given distance. The proportion of animals detected can be assessed by calculating the difference between the expected number of roe deer detected and the number of individuals observed (Buckland et al. 1993 , Thomas et al. 2002 . For an adequate density estimation, a relatively large number of detections is required, at least 60-80 according to Buckland et al. (2001) although it is also possible with 40 individuals (Burnham et al. 1980) .
The data were analysed using the Distance software ver. 6.0 (Thomas et al. 2010 ) and the multiple covariates distance sampling (MCDS) engine. We followed the analysis guidelines of Buckland et al. (2001) , which include exploratory analysis, model selection, and final analysis and inference. The Distance programme allows for several key functions and series expansion terms to model the detection function. For each sampling technique (by car/on foot), we tested the following models (and series expansion terms): half-normal (cosine or hermite polynomial), hazard-rate models (cosine or simple polynomial), exponential negative (cosine) and uniform (cosine). MCDS analyses were conducted to test for effects of the covariate distance sampling techniques (by car/on foot) with a single model implementing the post-stratification . This method of the data analysis is recommended for stratified sampling based on non-geographical data (Marques & Buckland 2003) . Model fit and ranking were assessed using Akaike's Information Criterion with correction for small samples sizes (AIC) , and the goodness of fit test (χ 2 ).
Results
General distance sampling using poststratification
During the study, 127 roe deer were observed in 108 different groups (Fig. 2) . The mean ± SD roe deer group size was 1.18 ± 0.42 individuals: 71.6% of the roe deer were seen alone and 23.6% were observed in groups of two animals. Only 4.7% of the roe deer were observed in groups of more than 2 individuals. The hazard-rate function model best fitted all encounters with animals along the transects (AIC = 287) ( Table 1 ). The mean density (roe deer/100 ha) obtained with the current method was 1.91 (95%CI = 1.42-2.56, CV = 14.84%) ( Table 1 and Fig. 3A ).
Nocturnal surveys by car
During the nocturnal surveys by car, 77 roe deer were observed in 58 different groups. Mean ± SD group size was 1.33 ± 0.54 individuals: 53.2% of the roe deer were seen alone and 38.9% were observed in groups of two animals. Only 7.7% of the roe deer were observed in groups of more than two individuals. Data analysis revealed that the model was limited by the low number of roe deer observed along or near the line of progression (Fig. 3B ), so we decided to truncate the data to the left, avoiding the first 20 m (Fig. 3C) . The density estimation was 18.1% higher with left-truncated data than with non-truncated data ( Table 1 ). The mean density of roe deer for lefttruncated data was 3.13 indiv./100 ha (95%CI = 2.26-4.34, CV = 16.4%) ( Table 1 and Fig. 3C ), whereas without truncation, density estimation was 2.65 (95%CI = 2.01-3.48, CV = 13.7%) ( Table 1 and Fig. 3B ). During detection, 76.0% of the roe deer remained still and 82.0% did not change their behaviour in the presence of the car. Of the roe deer observed at a distance of 0-20 m (n = 9) from the car, three individuals run away, three continued walking, one crouched and two remained still. All roe deer observed at 0 m ran away during observation (n = 3). 
Surveys on foot
During surveys on foot, 50 roe deer were individually detected. The mean density of roe deer was 1.43 indiv./100 ha (95%CI = 1.03-1.99, CV = 16.40%) ( Table 1 and Fig. 3D ); 78% moved while detected, and all animals changed their behaviour during observation.
Comparison of the two distancesampling techniques
The estimated roe deer density obtained from the nocturnal surveys by car, using left-truncated data, was 18.1% higher than that from the nontruncated data, and 118.0% higher than that from the data from the surveys on foot. During the surveys by car and on foot, 0.43 and 0.24 roe deer per km were observed, respectively. As per roe deer behaviour during detection, 76% of roe deer in the surveys by car were motionless while only 22% were not moving during the surveys carried out on foot. In the surveys by car, only 53.2% of roe deer were seen alone while in the surveys on foot all individuals were detected alone.
Discussion
Similarly to the rest of Europe (Danilkin & Hewison 1996) , the roe deer population in the centre of the Iberian Peninsula increased in range during the last decades (Acevedo et al. 2005) . For this reason, interest in the management of this species has increased significantly (Cederlund et al. 1998 , Radeloff et al. 1999 . The use of reliable methods to estimate vertebrate population densities is the basis for sound management (Barea-Azcón et al. 2007) . However, there is a disagreement regarding the estimation accuracy of different methods, especially those based on distance sampling techniques (Álvarez 1988 (Álvarez , Gill et al. 1997 , although the goodness of fit of this method has been highlighted by some authors. The effectiveness of distance sampling in the study of roe deer abundance in forest areas has been evaluated by several authors (Gaillard et al. 1993 , Focardi et al. 2005 . Furthermore, Smart et al. (2004) indicated that this method provided estimates equally good or better than other techniques, being frequently used for ungulates by several authors (Marques et al. 2001 , Walter & Hone 2003 . In the present study, the obtained mean densities were within the minimum values given by other authors for roe deer populations both in Spain and the rest of Europe (Costa 1992 , Aragon 1993 , Mateos-Quesada 2005 . There are also references reporting low densities in coniferous forests both in Spain (Mateos-Quesada 2005) and in Europe (Cederlund 1981) . Pine forests in the study area have low vegetation diversity and a reduced shrub layer mainly due to management to combat forest fires (Bailón et al. 2008) , and are being avoided by roe deer compared with deciduous forests with a good shrub layer (Pedroli et al. 1981 , Prior 1995 , Mateos-Quesada 2005 . This, together with competition with livestock, seems to be the main causes of a low roe deer density, as observed by other authors for roe deer and other wild ungulate species (Fuller 1990 , San José et al. 1997 .
Using different distance-sampling methods (e.g. surveys on foot vs. by car) occasionally involves considerable differences regarding efficiency. Thus, ecological parameters such as density or behaviour can be affected but also the costs, which are key for any wildlife management. Although a better fit was obtained in the detection function with the surveys on foot, showing a uniform distribution on both sides of the line of progression, the nocturnal surveys by car better met the assumption regarding the animal's response to the observer : most roe deer were motionless when detected and almost none changed their behaviour during observation. In contrast, this did not occur in the surveys on foot: most roe deer were moving after they were detected. A relevant consideration when using these methods is that the behaviour of individuals within the first few metres from zero distance can influence distancesampling results by violating one of the key premises . During the surveys by car, roe deer were more tolerant to the observer than in the surveys on foot, although animals avoided the first few metres on both sides of the road where the vehicle was travelling, causing an imbalance in the detection function within these first few metres. This has also been observed in other studies (Heydon et al. 2000 , Sadlier et al. 2004 . Gill et al. (1997) also showed that roe deer avoided roads during night in response to the presence of vehicles from which poachers usually hunt at night. Since in our study area there is no evidence of poaching by car, it is possible that roe deer moved out of the way simply to avoid direct contact with the vehicle. Therefore, due to the small number of roe deer observed along or near the line of progression, we chose to manipulate our data by truncating the first 20 m (Buckland et al. 1993) . The effect of the manipulation is impossible to judge when the actual density is not known, as is the case in this study. However, two scenarios are likely: first, left-truncation could result in underestimation since it is probable that not all animals in the first 20 m were detected, especially when forests are dense. Second, if an area of higher density was effectively used as zero distance, this could lead to overestimation, especially if roe deer positively selected this margin between roads and forests as described by Ward et al. (2004) in their study. Even though we did not observe exaggerated peaks in frequencies within the first distance interval (20-45 m), thus showing a homogeneous roe deer distribution, the estimated roe deer density with left-truncated data was higher than that obtained from the non-truncated data, therefore, possibly leading to overestimation.
Even so, in the surveys by car, observerdependent factors such as fatigue, stealth to avoid detection, visual acumen to detect animals and the odour emitted by the observer, described by some authors as causes of imprecision and loss of contacts in the estimates on foot (Burnham & Anderson 1984 , were minimized. Observer fatigue as well as human detection and body odour is reduced when travelling by car. Furthermore, using spotlights enhances the observer's visual capacity by easing the observation of the eye-shine caused by the "tapetum lucidum". Thus, since in ungulates it is blue reflected (Martin 1990) , this clearly facilitates the detection of individuals behind vegetation or bedridden. This avoids any confusion between roe deer and other mammals such as carnivores.
Furthermore, regarding environmental factors (downwind, speed of progression along the route, vegetation cover and season) (Burnham & Anderson 1984 , nocturnal surveys by car solve some problems present in surveys on foot. For instance, the vehicle prevents the detection of the observer due to his/ her location downwind; moreover, it is easier to maintain a constant speed during the survey (15 km h -1 ). Regarding variables related to this species, such as animal behaviour when detecting the observer, this study has shown that most roe deer located from the car did not alter their behaviour when detected. All above-mentioned factors could lead to an underestimate of population density in surveys on foot, because a large number of animals could flee before being seen by the observer.
Since during the nocturnal surveys by car most roe deer maintained their behaviour during observation, this supports the second basic premise on which these techniques are based; animals are detected in their initial location prior to any movement in response to the observer .
In terms of time spent and cost-effectiveness, the nocturnal surveys by car were more economical than those made on foot, since only three observers were needed. This difference is primarily based on the number of kilometres per work day. Since light is not a limited factor for surveys by car, distance sampling can be done between sunset and sunrise. In addition, thanks to vehicle speed, sampling can be carried out for longer (21:00 and 05:00), so the number of days required to complete sampling is significantly reduced.
Finally, based on the differences between the two distance-sampling techniques used here, we conclude that sampling by car with spotlights favours the detection of animals but this also involves an imbalance in the first meters of the detection function. Therefore, the advantages and limitations of each distance-sampling technique should be taken into account when calculating reliable population estimates for this species.
